The vibrational spectroscopy of ͑SO 4 2− ͒ · ͑H 2 O͒ n is studied by theoretical calculations for n =1-5, and the results are compared with experiments for n =3-5. The calculations use both ab initio MP2 and DFT/B3LYP potential energy surfaces. Both harmonic and anharmonic calculations are reported, the latter with the CC-VSCF method. The main findings are the following: ͑1͒ With one exception ͑H 2 O bending mode͒, the anharmonicity of the observed transitions, all in the experimental window of 540-1850 cm −1 , is negligible. The computed anharmonic coupling suggests that intramolecular vibrational redistribution does not play any role for the observed linewidths. ͑2͒ Comparison with experiment at the harmonic level of computed fundamental frequencies indicates that MP2 is significantly more accurate than DFT/B3LYP for these systems. ͑3͒ Strong anharmonic effects are, however, calculated for numerous transitions of these systems, which are outside the present observation window. These include fundamentals as well as combination modes. ͑4͒ Combination modes for the n = 1 and n = 2 clusters are computed. Several relatively strong combination transitions are predicted. These show strong anharmonic effects. ͑5͒ An interesting effect of the zero point energy ͑ZPE͒ on structure is found for ͑SO 4 2− ͒ · ͑H 2 O͒ 5 : The global minimum of the potential energy corresponds to a C s structure, but with incorporation of ZPE the lowest energy structure is C 2v , in accordance with experiment. ͑6͒ No stable structures were found for ͑OH − ͒ · ͑HSO 4 − ͒ · ͑H 2 O͒ n , for n ഛ 5.
I. INTRODUCTION
One of the motivations for interest in hydrates of the sulfate dianion ͑SO 4 2− ͒ is the presence of the species in the atmosphere, as in aerosol particles. 1, 2 Sulfate aerosols can act as cloud condensation nuclei leading to the formation of water droplets. 3 A detailed study of hydrated sulfate dianion clusters ͑SO 4 2− ͒ · ͑H 2 O͒ n can be very useful in this context by providing insights into the stepwise hydration of multiply charged anions. Thus, determination of the structures, vibrational properties, and interactions of these clusters is desirable. Hydrated sulfate dianion clusters were first observed in the gas phase by Blades and Kebarle. 4 Several massspectrometric studies were reported. [5] [6] [7] [8] [9] An important step forward was the recent success in measuring vibrational spectroscopy in the infrared ͑IR͒ region of such clusters. 10, 11 The frequencies and intensities of size-selected ͑SO 4 2− ͒ · ͑H 2 O͒ n clusters are expected to be sensitive to the potential energy surfaces. This calls for attempts at quantitative theoretical calculations that can test interaction potentials by comparison with experiment and can analyze their a͒ properties. Interaction potentials supported by spectroscopic experiments are valuable also for condensed-phase studies of the sulfate dianion in water solution. Molecular dynamics simulations of aqueous solutions of SO 4 2− using empirical force field have been reported recently. [12] [13] [14] The study of ͑SO 4 2− ͒ · ͑H 2 O͒ n with its rigorous spectroscopic basis should be also useful for future assessment of the force fields employed in such simulations.
The objective of the present paper is to explore the vibrational properties of ͑SO 4 2− ͒ · ͑H 2 O͒ n and, in particular, to compare the spectroscopic calculations with the IR spectroscopy experiments of Zhou et al., 10 in order to learn about the potential energy surfaces governing the sulfate-water interaction. For example, both ab initio ͑MP2͒ and density functional theory ͑DFT͒ ͑B3LYP͒ potentials will be compared with experimental results. A number of electronic structure calculations of hydrated sulfate dianion clusters were reported in the literature. 7, [13] [14] [15] [16] [17] In the present study, we will employ in some parts of the calculations the vibrational selfconsistent field ͑VSCF͒ method [18] [19] [20] and specifically the correlation-corrected VSCF ͑CC-VSCF͒ algorithm. This method has the advantage that it computes the spectrum with the inclusion of anharmonic effects. Furthermore, the algorithm can be applied directly to potential surfaces from electronic structure codes, [18] [19] [20] which are not available analytically. It is of interest to explore the role of anharmonic effects on the vibrational spectroscopy in these systems. We note that VSCF and CC-VSCF have been successfully used for a range of similar or related systems. In particular, the method was recently employed by Chaban et al. to compute the IR and Raman spectra of hydrated magnesium sulfate salts. 21 The structure of this paper is as follows. The methodology is presented in Sec. II. Section III describes the comparison of the spectroscopic calculations with experiment. Section III also presents the importance of anharmonic effects for the clusters studied here. Conclusions are presented in Sec. IV.
II. METHODS
Harmonic frequency calculations were carried out using the second-order perturbation level of theory 22 ͑MP2͒ using the TZP basis set: Dunning's basis set for O and H atoms 23 and the McLean-Chandler basis set for S atom. 24 The anharmonic vibrational spectroscopy calculations were carried out by the VSCF method and the CC-VSCF variant.
18-20 These methods have been described extensively in the literature. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] The VSCF approximation includes anharmonic effects but makes the approximation that the vibrational wave functions are separable in the normal modes. The CC-VSCF method goes beyond separability of the wave functions and includes correlation effects between different normal modes. Thus, the CC-VSCF method treats both the intrinsic anharmonicity of each mode and the effects due to anharmonic coupling between different normal modes. The CC-VSCF approximation can be used directly with potential points generated from ab initio calculations as it applies here. 21 Both harmonic and anharmonic calculations using MP2 with the TZP basis set were performed using the GAMESS package of codes. 43 In addition, harmonic analysis was performed for the DFT, using the B3LYP functional with the TZVP+ basis set ͑similar basis set used for ab initio MP2 calculations͒, as implemented in the GAUSSIAN package of electronic structure programs. 44 The comparison of both MP2 and DFT results with experiment is important, as this can serve as a test of the relative accuracy of these two important electronic structure methods in the case of the ionic clusters studied here.
III. RESULTS AND ANALYSIS

A. Structures
The equilibrium structures of gas-phase hydrated sulfate dianion clusters, ͑SO 4 2− ͒ · ͑H 2 O͒ n , n =1-5 were obtained by using the ab initio MP2/TZP level, [22] [23] [24] and can be seen in Fig. 1 . The gas-phase ͑SO 4 2− ͒ · ͑H 2 O͒ 2 has two equilibrium structures that correspond to minima of the potential energy surface ͓Figs. 1͑b͒ and 1͑c͔͒. The global minimum structure of ͑SO 4 2− ͒ · ͑H 2 O͒ 2 is shown in Fig. 1͑c͒ and the local minimum structure is shown in Fig. 1͑b͒ . The difference between the total energy of these two structures, not including the zero point energy, is 0.28 kcal/ mol, while including the zero point energy, the total energy difference between these two structures is 0.33 kcal/ mol. The structures described in Fig.  1 for n = 3 and n = 4 are the lowest energy isomers, as reported previously. 7 For n = 5, two equilibrium structures had been computed ͓Figs. 1͑f͒ and 1͑g͔͒. The global minimum structure for n = 5 is shown in Fig. 1͑g͒ and differs from the lowest energy isomer reported previously by Wang et al. 7 The difference between the total energy including the zero point energy of these two structures is 0.5 kcal/ mol. This topic is discussed in detail in Sec. III C. Earlier, Miller et al. 45 calculated the equilibrium structures of H 2 SO 4 and its hydrate using the ab initio MP2/TZP level of theory. The computed geometric parameters obtained in that study 45 are in accordance with experimental values. Thus, we use here the same level of theory to compute the optimized geometries of ͑SO 4 2− ͒ · ͑H 2 O͒ n , n =1-5. Geometry optimization were also performed using the DFT/B3LYP level for 4 2− . Two structures of ͑SO 4 2− ͒ · ͑H 2 O͒ 5 corresponding to minima of the potential energy surface are found in the MP2 calculations. The first is the C s isomer, shown in Fig. 1͑f͒ , and the second structure, shown in Fig. 1͑g͒ , is the C 2v isomer. The lowest energy optimized structure reported by Wang et al. 7 is similar to the C s structure computed in the present study. Indeed, the C s
, and ͑g͒ global C 2v isomer of ͑SO 4 2− ͒ · ͑H 2 O͒ 5 . Bond lengths ͑in angstroms͒ and angles ͑in degrees͒ are given for the ab initio MP2/TZP level.
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Spectroscopy of ͑SO 4 2− ͒ · ͑H 2 O͒ n clusters J. Chem. Phys. 127, 094305 ͑2007͒ structure is the global minimum of the MP2 potential energy surface and is more stable than the C 2v isomer by ϳ0.1 kcal/ mol. However, the symmetric C 2v solvated cluster, in which each water molecule acts as double donor to the two sulfate O atoms, turns out to be the lowest energy structure when zero point energy ͑ZPE͒ is included. With incorporation of ZPE, the C 2v isomer is more stable than the C s isomer by ϳ0.5 kcal/ mol. Addition of the ZPE to the MP2 potential energy surface thus affects the findings of the global minimum and increases the energy difference between the C 2v and C s isomers. The relative stability of the C 2v and the C s structures for ͑SO 4 2− ͒ · ͑D 2 O͒ 5 is also affected by ZPE. When the ZPE calculation is included, the results show that the C 2v isomer is also the global minimum in the deuterated case. The C 2v isomer is more stable than the C s isomer by ϳ0.3 kcal/ mol for the deuterated case. Obviously, the ZPE effect for the deuterated complex is smaller, and therefore the relative stability of C 2v isomer compared with C s is less pronounced than for the hydrogen isotopes, but in both cases C 2v is a more stable structure.
The result, including the ZPE effect, is in accordance with the experiment by Zhou et al. 10 Figure 2 compares the computed spectra of the C 2v and the C s isomer to the measured spectra of ͑SO 4 2− ͒ · ͑H 2 O͒ 5 . The harmonic frequencies of the C 2v and the C s isomer are shown in Tables IV and V, respectively. One can see that the peak positions in both computed spectra are similar, except the peak at 845 cm −1 , which appears in the spectrum of C s isomer but does not appear in the spectrum of C 2v isomer. This peak is assigned to a librational mode of H 2 O. The temperature used in the experiment is very low ͑17 K͒. Although the energy difference between the two isomers is less than 1 kcal/ mol, the low temperature used in the experiment does not allow seeing both C 2v and C s isomers in the measured spectrum. However, it should be noted here that at higher temperatures, these two isomers may be seen in the spectrum for ͑SO 4 2− ͒ · ͑H 2 O͒ 5 .
D. Ab initio CC-VSCF calculations: Importance of the anharmonic effects
The fundamental harmonic and anharmonic transitions for ͑SO 4 2− ͒ ·H 2 O and for the two structures of ͑SO 4 2− ͒ · ͑H 2 O͒ 2 are shown in Tables VI-VIII. The intensities described in these tables are obtained from the anharmonic CC-VSCF approximation. However, experimental data for these clusters are not available. Wang et al. 7 suggested that in the gas phase, it requires at least three water molecules to stabilize significantly the sulfate dianion ͑SO 4 2− ͒. The computed fundamental frequencies compared to experimental transitions for ͑SO 4 2− ͒ · ͑H 2 O͒ 3 , ͑SO 4 2− ͒ · ͑H 2 O͒ 4 , and ͑SO 4 2− ͒ · ͑H 2 O͒ 5 are shown in Tables IX, X , and IV, respectively. In the smaller cluster ͑SO 4 2− ͒ · ͑H 2 O͒ 3 , both the frequencies and the intensities listed in Table IX are obtained from the CC-VSCF anharmonic method, while those of the larger clusters shown in Tables IV and X are computed using the harmonic approximation.
It is seen from Table IX that within the frequency range probed by Zhou et al., 10 which did not include the OH stretches, the deviations from experiment are small for both harmonic and anharmonic methods. The anharmonic corrections provide an improvement over the harmonic model only for the bending mode of the water. Similarly, for the larger clusters, as may be seen in Tables IV and X, the deviations of the harmonic frequencies from experimental data are 2% and 1% for n = 4 and n = 5, respectively. The results are encouraging for the use of ab initio MP2/TZP level of theory for these clusters ͑not only in the context of anharmonic calculations͒. In fact, for these transitions the anharmonic corrections are only a small fraction of the error due to the potential function. Figure 3 compares the computed spectrum of ͑SO 4 2− ͒ · ͑H 2 O͒ 3 , including all the anharmonic fundamental frequencies and intensities to the measured spectrum and the computed harmonic spectrum of ͑SO 4 2− ͒ · ͑H 2 O͒ 4 to the measured spectrum, in the range from 540-1850 cm −1 obtained by Zhou et al. 10 The strong transitions in these measured spectra are for the following vibrations: bend of water ͑ϳ1700 cm −1 ͒, SO 2 asymmetric stretching mode ͑ϳ1100 cm −1 ͒, and libration of the water molecules ͑ϳ700 cm −1 ͒. The measured spectra are limited to the range of 540-1850 cm −1 . As seen from Fig. 3 , for n = 3, the computed spectrum is qualitatively similar to the measured spectrum. The measured peak at 1735 cm −1 is similar to the strong transition in the computed spectrum ͑1711 cm −1 ͒. The three peaks in the measured spectrum 1102, 1079, and 1052 cm −1 have relatively similar intensities as the computed transitions: 1076, 1043, and 1000 cm −1 . Finally, the transition in the measured spectrum at 613 cm −1 appears also in the computed spectrum at 585 cm −1 . More quantitative comparison of intensities requires treatment of the rotational effects in the spectrum. Such calculations were not attempted here. Quantitative comparison with experiment, e.g., in the context of testing the accuracy of the potential, is therefore based on the frequencies of the assigned transition.
It is of interest to comment here also on strong transi- tions in other ranges of the computed spectra. As may be seen in Table IX and Fig. 3 , indeed, the three transitions of the above mentioned vibrations in ͑SO 4 2− ͒ · ͑H 2 O͒ 3 are strong. However, strong transitions may be predicted also for the OH symmetric stretching vibration and for the OH asymmetric stretching vibration ͑Table IX͒. These strong transitions appear both in the smaller clusters ͑Tables VI-VIII͒ and in the larger clusters ͑Tables IV, IX, and X͒.
For all the clusters studied here strong intermolecular transitions also appear in the predicted spectra ͑Tables IV-X͒. At least one intermolecular transition in each spectrum seems to be a strong transition and, in principle, should be experimentally measurable. Thus, the peak at 430 cm −1 in the spectrum of ͑SO 4 2− ͒ · ͑H 2 O͒ 4 is one of the intermolecular modes and has intensity of 225 km/ mol ͑Table X͒. Another contribution of the anharmonic coupling element between modes is detailed by Miller et al. 45 The computation of these contributions was carried out here for ͑SO 4 2− ͒ · ͑H 2 O͒ n , n =1-3. In all these clusters, the coupling contributions to the fundamental of the OH symmetric stretching vibration and the OH asymmetric stretching vibration are greater than the intrinsic single-mode anharmonicities. For the smaller cluster ͑SO 4 2− ͒ · ͑H 2 O͒, the value of the anharmonic coupling contribution for the OH symmetric stretching vibration is 209 cm −1 , while for the OH asymmetric stretching vibration it is 602 cm −1 . The large contributions of the anharmonic coupling between modes for both OH asymmetric and symmetric stretching vibrations also appear for the larger clusters. The anharmonic contribution of coupling for the local minimum of ͑SO 4 2− ͒ · ͑H 2 O͒ 2 is 235-239 cm −1 , while for the global minimum of ͑SO 4 2− ͒ · ͑H 2 O͒ 2 , its values are in the range between 241 and 595 cm −1 . For ͑SO 4 2− ͒ · ͑H 2 O͒ 3 , the values of anharmonic coupling corrections becomes smaller but still fairly large ͑248-350 cm −1 ͒. The anharmonic coupling between different modes is of considerable interest in intramolecular vibrational redistribution, since effects may appear between modes. Therefore, the magnitude of the coupling between modes and analysis of their behavior may be studied. Recently, Miller et al. 45 computed the average absolute values of the coupling potential for H 2 SO 4 and H 2 SO 4 ·H 2 O. The definition of the average absolute value of the coupling potential is given by
͑1͒
Here, Q i and Q j are the normal-mode coordinates for modes i and j, and ⌿ i and ⌿ j are the ground state wave functions. In this study, we use this algorithm to compute the average absolute values of the coupling potential for ͑SO 4 2− ͒ · ͑H 2 O͒ n clusters. The magnitude of the coupling integral between the OH symmetric stretching vibration and a few normal modes in ͑SO 4 2− ͒ · ͑H 2 O͒ n , n =1-3, are shown in Figs. 4-7, using the MP2/TZP potential. Only the couplings of the OH symmetric stretching vibrational mode with modes which are strong and important appear in these figures. As seen from Figs. 4-7, the largest magnitude of the coupling integral for all the clusters ͑SO 4 2− ͒ · ͑H 2 O͒ n , n =1-3, is between the OH symmetric stretching vibration and the OH asymmetric stretching vibration. The OH symmetric stretching vibration also strongly couples to a few of intermolecular modes for the small clusters ͑SO tions nor the intermolecular modes are in the range of the measured spectra. Thus, we predict here that anharmonicity effects are important in the range larger than 1850 cm −1 and smaller than 540 cm −1 . These results may have important implications for internal vibrational energy flow and intramolecular dynamics.
E. Combination transitions
Computing overtone and combination transitions for systems of more than several atoms, such as ͑SO 4 2− ͒ · ͑H 2 O͒ n , n =1-3, is fairly challenging. The interesting question is whether the combination transitions in these systems are strong enough to be measured by experiment. The CC-VSCF method has been proven 42, 45 to work well for low overtones and combination transitions. It has been observed that the results obtained by the anharmonic CC-VSCF approximation are in accordance with experiment and that the improvement of this method over the harmonic approximation is fairly large.
Strong values of intensities of combination modes indicate strong coupling between modes. In fact, in the cases where the couplings are strong, the dipole moment and the transition moments are large. Tables IX and XI describe the largest theoretical intensities obtained by the CC-VSCF calculations for ͑SO 4 2− ͒ · ͑H 2 O͒ and the global minimum ͑SO 4 2− ͒ · ͑H 2 O͒ 2 , respectively. The most intense combination transitions include fundamental transition of OH stretching vibration and intermolecular mode ͑Tables XI and XII͒. However, combination modes which include first overtone of OH stretching vibration and fundamental transition of bending of water or SO 2 asymmetric stretching vibration or SO 2 symmetric stretching vibration are even more important and have intensities between 21 and 66 km/ mol.
It should be noted here that the observed peak position in the IR spectra in the range of 1500-1600 cm −1 cannot be explained by our combination transition calculations and thus this assignment remains open. − ͒ · ͑H 2 O͒ n + ͑OH͒ · ͑H 2 O͒ n , but so far, to the best of our knowledge, calculations of ͑OH − ͒ · ͑HSO 4 − ͒ · ͑H 2 O͒ n clusters had not been carried out. It seems that if the latter clusters exist, they do so only for larger n.
F. Minimum structures for "OH
− … · "HSO 4 − … · "H 2 O… n Local minima of the ͑OH − ͒ · ͑HSO 4 − ͒ · ͑H 2 O͒ n clusters ͑n =1-3͒
IV. SUMMARY AND CONCLUDING REMARKS
This paper studies the properties of hydrated sulfate ions on the basis of comparison between IR experiments and theoretical calculations at both harmonic and anharmonic levels. The spectroscopic results are found to be a sensitive probe of the structures of the anion hydrates and of the accuracy of the potential energy surfaces used. The results demonstrate that the MP2 and B3LYP potential energy surfaces are in very good accordance with the experimental frequencies. Also, the main intensity features are reproduced by the calculations, though the agreement on this is less quantitative than for the frequencies. The good agreement between experiment and theory strongly indicates that both MP2 and B3LYP provide a good description of the potential energy surfaces of the ion clusters studied here. The results may be of interest for the calibration of force fields for studies of sulfate ions in solution.
Both B3LYP and MP2 yield good agreement with experiment; however, the comparison shows that MP2 results are more accurate. The difference between the MP2 and B3LYP results is not large, but seems systematic for the three clusters studied here. It should be useful to examine this point also for other ion hydrates. Accurate description of potential energy surfaces of these systems is obviously important. High-resolution IR data, as were available here, are essential for this purpose, since comparison of calculations with experiments provides a rigorous test of the potential surfaces employed.
Part of the calculations carried out in this study focused on anharmonic effects, in order to study the possible role for coupling effects between different vibrational modes. With the exception of one or two transitions, the role of anharmonic effects in the experimental window used here was found to be negligible. On the other hand, substantial anharmonic effects were observed for transitions that are not accessible in the present experiment, as expected for hydrogenbonded clusters. The results presented here may be of a use in interpreting the spectra which were investigated by Bush et al. 10 The prediction of several relatively strong combination mode transitions in these systems is of interest in this respect. Thus, combination transitions that will be explored experimentally to the systems studied here may throw light on the possible role of intramolecular vibrational dynamics in these systems. 
